We explore the formation of double-compact-object binaries in Milky Way (MW) globular clusters (GCs) that may be detectable by the Laser Interferometer Space Antenna (LISA). We use a set of 137 fully evolved GC models that, overall, effectively match the properties of the observed GCs in the MW. We estimate that, in total, the MW GCs contain ∼ 21 sources that will be detectable by LISA. These detectable sources contain all combinations of black hole (BH), neutron star, and white dwarf components. We predict ∼ 7 of these sources will be BH-BH binaries. Furthermore, we show that some of these BH-BH binaries can have signal-to-noise ratios large enough to be detectable at the distance of the Andromeda galaxy or even the Virgo cluster.
I. INTRODUCTION
Over the past several decades, an increasing number of binary systems containing compact objects, including white dwarfs (WDs) [e.g., 1], neutron stars (NSs) [e.g., [2] [3] [4] , and black holes (BHs) [e.g., [5] [6] [7] , have been observed and studied in globular clusters (GCs). Although present-day GCs typically contain a small fraction of the total stellar mass of their host galaxies, dynamical formation channels unique to GCs produce an overabundance of close compact-object binaries per mass, relative to the Galactic field [e.g., [8] [9] [10] . The dynamical formation of these systems has been studied extensively using various computational methods [e.g., 11, [13] [14] [15] [16] [17] [18] .
Recent analyses have shown that GCs may be a dominant formation channel for the BH-BH binaries observed by the Laser Interferometer Gravitational-Wave Observatory (LIGO) [e.g., 12, [21] [22] [23] [24] [25] . Before entering the highfrequency range of ground-based gravitational wave detectors like LIGO, these BH-BHs will be detectable as low-frequency sources by the Laser Interferometer Space Antenna (LISA) [26, 27] .
In addition to BH-BH binaries, BH-NS and NS-NS binaries will also be detectable by LISA. Furthermore, unlike LIGO, LISA will also be able to observe compact binaries with WD components, including WD-WD binaries, which make up the largest fraction of close compactobject binaries in the Milky Way (MW) [e.g., 28] .
Several previous studies have noted that GCs may harbor populations of compact binaries detectable by LISA [e.g., 29, 30] . Additional studies have also shown that young open clusters may also contribute to the number of dynamically formed LISA sources in the MW [e.g., 31, 32] . Furthermore, it has been shown that the dynamical formation channels unique to clusters may produce populations of LISA sources with orbital features (e.g., eccentricity) that are very different from LISA sources formed in the Galactic field [e.g., 30, 33] .
In this analysis, we explore the formation of LISA sources within MW GCs. Using our cluster Monte Carlo code, CMC, we utilize a set of 137 fully evolved GC models with present-day properties similar to those of the observed GCs in the MW. We identify potential LISA sources created within these models, including those retained within their host GCs at present and those ejected into the Galactic halo.
In Section II, we describe our computational method to model GCs. In Section III, we show all compact object binaries retained in their host clusters at late times and estimate the total number of LISA sources predicted to be found in MW GCs, as well as GCs in Andromeda and the Virgo cluster. We conclude in Section IV.
II. GLOBULAR CLUSTER MODELS
We compute our GC models using CMC, Northwestern's cluster Monte Carlo code [e.g., [16] [17] [18] [34] [35] [36] [37] [38] [39] [40] [41] . CMC includes all physics relevant for studying the formation and evolution of compact-object binaries in dense star clusters, such as two-body relaxation [19, 20] , strong binarymediated scattering [42] , single and binary star evolution (implemented using the single and binary star evolution software packages, SSE and BSE [38, [43] [44] [45] ), and Galactic tides [38] . Note that SSE and BSE adopt several simplifications, especially for dynamically modified stars (such as stellar collision products). Nonetheless, SSE and BSE are widely accepted as state of the art and used in most dynamics codes. A more realistic approach may involve individually evolving stars using, for example, MESA. However, this is beyond the scope of current simulations both due to stability issues and computational cost.
Here we use the set of 137 GC models listed in [46] . For these models, a number of initial cluster parameters are varied, including particle number, virial radius, King concentration parameter, and binary fraction, among others. The full set of models and initial conditions are listed in the Appendix of [46] .
Each model features a set of snapshots in time spaced 10-100 Myr apart that list the orbital parameters of all binaries in the GC at each point in time. Here, we look at all snapshots between 11-12 Gyr (the same age range considered in [33] ), to reflect the observed age spread of MW GCs. Each of these snapshots is considered to be an equally valid representation of a GC at late times, similar to the old GCs observed in the MW. Note that the tail of the MW GC age distribution may extend down to ∼ 9 Gyr [e.g., 47, 48] . However, we find that extending our age range down to 9 Gyr has no significant effect on the number of LISA sources.
For each model, we count the total number of compact object binaries found in each time snapshot and determine how many of these binaries may be found within the LISA sensitivity range.
In order to estimate the total number of LISA sources in the MW, we rescale these numbers based upon the total number of snapshots found in each model in the range 11-12 Gyr. Additionally, we implement the weighting scheme of [46] , where each model is weighted based on how well it matches observed MW clusters in the M tot − r c /r hl plane, where M tot is the total mass of each cluster and r c and r hl are the observed core and half-light radius, respectively (see Section 5.2 of [46] for more detail). After applying the weighting scheme, we rescale the weighted models to match the total mass of the observed MW GCs. As in [46] , we also implemented an alternative weighting scheme where the models are instead weighted in the r c − r hl plane, and find that our results do not change significantly.
Initial Galactocentric distances for our set of models vary from 2 to 20 kpc (see Table 3 of [46] ). However, none of our GC models are initially tidally filling (a wellknown outcome of choosing initial properties, such as the virial radius, guided by the observed young super star clusters; see [16] ). Although tidal truncation can become important at late times, particularly for clusters near the Galactic center, compact objects preferentially reside in their host clusters centers due to mass segregation; thus, the dynamics for them is not significantly affected by the choice of Galactocentric distance. Thus, we treat each model as a representative dynamical factory for the creation of compact-object binaries and ignore the particular choice of Galactocentric distance for each model. However, to calculate the signal-to-noise ratio (S/N ) expected for LISA, we need to assign heliocentric distances for the sources. To be realistic in these distance assignments, we directly sample from the present-day heliocentric distances of the MW GCs [49] and assign all sources created in particular models this heliocentric distance. To account for statistical fluctuations, we draw ten randomly sampled distances for each model from the heliocentric-distance distribution of the MW GCs, and then rescale our final results down by a factor of 10.
During the evolution of a GC, many compact-object binaries will be ejected from the cluster as the result of dynamical encounters, supernova (SN) explosions, and tidal stripping [e.g., 46]. Depending upon the time of ejection and the orbital parameters of these binaries at the time of ejection, such binaries may be observed as LISA sources at the present day as members of the Galactic halo. In order to estimate the number of such systems, we evolve all ejected binaries forward in time using BSE to determine the properties at the present day.
III. RETAINED SYSTEMS
To compute the LISA sensitivity for the binaries considered in this analysis, we model gravitational waves (GWs) at the leading quadrupole order, as detailed in the Appendix. We adopt T obs = 4 years as the LISA observation time.
Because many compact-object binaries in GCs will have high eccentricities induced by dynamical encounters, it is useful to consider the frequency of GWs emitted at higher harmonics than the orbital frequency. The frequency of maximum GW power emission from an eccentric binary is given by [50] as
(1 + e) 1.1954 [a (1 − e 2 )] 1.5 .
(1) Figure 1 shows the location in the f GW −M c plane of all compact-object binaries found in our GC models at late times, with colors described in the figure caption. The three solid black curves mark the boundary for detecting systems with S/N ≥ 2 at distances of d = 9 kpc (bottom; the median heliocentric distance of MW GCs, as calculated from [49] ), d = 800 kpc (middle; the distance to Andromeda), and d = 1.6 × 10 4 kpc (top; the distance to the Virgo cluster). All points lying above these three lines will be observable by LISA at each respective distance.
A. Eccentricities
Systems marked as open circles in Figure 1 have e ≥ 0.99. As mentioned in [51] , this set of GC models implements an approximation in BSE that only applies gravitational radiation (GR) for sufficiently compact binaries. Under this approximation, some of these wide but highly eccentric binaries should in fact inspiral on a timescale shorter than the cluster dynamical timescale, t dyn , if the GR approximation is removed. In this case, the validity of these open circle systems as LISA sources is uncertain. However, systems marked as filled circles are lower eccentricity systems with t dyn < t inspiral . The evolution FIG. 1. All compact-object binaries found in our set of models at late times (defined here as 11 Gyr < t < 12 Gyr). Black systems mark BH-BH binaries, yellow BH-NS binaries, orange BH-WD binaries, red NS-NS binaries, purple NS-WD binaries, and blue WD-WD binaries. The background gray region marks the LISA sensitivity range. The three solid black curves mark the boundary for detecting systems with S/N ≥ 2 at distances of d = 9 kpc (bottom; median heliocentric distance of MW GCs), d = 800 kpc (middle; distance to Andromeda), and d = 1.6 × 10 4 kpc (top; distance to the Virgo cluster). The height of each point above each respective curve scales as (S/N ) 3/5 . Note that this figure shows results for all snapshots in the range 11 Gyr < t < 12 Gyr for our models, meaning this figure overcounts the number of binaries by a factor equal to the number of snapshots (∼ 10) between 11 and 12 Gyr for each model. of these systems is dominated by frequent dynamical encounters in the cluster and therefore will be unchanged by the GR approximation. Figure 2 shows the cumulative distribution of the eccentricities for all binaries shown in Figure 1 . Many of these binaries have high eccentricities (14% of all binaries in Figure 1 have e ≥ 0.1), as expected for systems in GCs that experience frequent dynamical encounters. For binaries with f GW 10 −3 Hz, LISA can measure eccentricities in excess of 0.01.
B. Estimating the total number of sources
In order to estimate the true number of sources LISA will observe, we rescale these numbers based upon the weighting scheme discussed in Section II to match the observed MW clusters. Table I shows the results after this rescaling. We predict ∼ 21 total LISA sources to be found in the MW with S/N ≥ 7 The two dominant populations of these will be WD-WD binaries (∼ 6 predicted) and BH-BH binaries (∼ 7 predicted). The numbers in parentheses in columns 4 and 5 of Table I show the values if we exclude all systems with e ≥ 0.99 (open circle systems in Figure 1 ) which may result from the GR approximation, as discussed in Section III A. Removing these systems, we predict ∼ 14 LISA sources, including ∼ 4 BH-BH binaries. We conclude that removing the GR approximation utilized in BSE within these models is unlikely to significantly affect our predicted numbers. Developing a full grid of models that match the MW clusters and include the updated GR approximation as well as the post-Newtonian terms described in [51] will be the subject of a later analysis. Figure 3 shows the distribution of S/N for all retained compact-object binaries predicted to be observed in the MW at present. As shown in the figure, the majority of these binaries will be observed with S/N 10; however, a small number of the BH-BH binaries may be observed with S/N high enough to be detected out to Andromeda or even the Virgo cluster. The shaded gray and blue regions of Figure 3 show the MW systems which would have S/N ≥ 2 in Andromeda and the Virgo cluster, respectively, assuming a heliocentric distance of 9 kpc (the median distance of all MW GCs) for all MW sources.
Andromeda has been shown to contain approximately   FIG. 3 . Distribution of S/N for all retained compact-object binaries in the MW at present, after applying the weighting scheme discussed in the text. The shaded gray (blue) region shows the MW systems with S/N high enough to be observed in Andromeda (Virgo cluster).
500 GCs [e.g., 52] and at least 12,000 GCs exist in the Virgo cluster [e.g., 53]. Scaling up our results to match these GC numbers, we predict, as a back-of-the-envelope estimate, that ∼ 8 and ∼ 80 BH-BH binaries will be resolvable by LISA with S/N ≥ 2 in Andromeda and the Virgo cluster, respectively. In addition to compact-object binaries retained in their host clusters at late times, we also considered all compact object-binaries ejected from our GC models. We predict that ejected systems will contribute only a few MW sources resolvable with S/N ≥ 2. It is unlikely any of these systems will have sufficiently high S/N to be detected in Andromeda or the Virgo cluster. More details on the ejected binaries can be found in the Appendix.
IV. CONCLUSION
We have explored the formation of double-compactobject binaries in GCs that may be detectable by LISA. We predict ∼ 55 total sources will be detectable in MW GCs with S/N ≥ 2 and ∼ 21 systems with S/N ≥ 7 by LISA. Furthermore, we predict tens of additional sources will be resolvable within Andromeda and the Virgo cluster.
Because the majority of these dynamically formed systems are retained within their host GCs, localization to a particular GC may be possible for sources with sufficiently high S/N . Furthermore, the moderate to high eccentricity of these dynamically formed systems will likely make them distinguishable from LISA sources formed in the Galactic field.
In this analysis we have explored only the contribution of the ∼ 150 observed GCs in the MW. However, the MW may contain as many as ∼ 200 total GCs, with ∼ 1/4 of them lying deep in the Galactic plane making them difficult to observe. The contribution of these unobserved clusters would boost our predicted number of LISA sources in the MW by ∼ 25%.
Furthermore, the many more less massive clusters that would have formed together with the present-day surviving clusters are likely to contribute to the total number of sources since they also leave binaries that would now populate the Galactic field [e.g., 54]. Investigation of dissolved is outside the scope of this Letter. The number of LISA sources produced in present day GCs could be viewed as a lower limit to the total number of dynamically formed sources in the Galaxy.
In future work, we intend to perform a side-by-side comparison of the dynamical formation channels explored in this analysis and field formation channels of LISA binaries to predict the total number of LISA sources in the MW. Additionally, we intend to explore the contribution of post-Newtonian effects to the formation and evolution of LISA binaries in GCs. Figure 4 shows the location in the f GW − M c plane of all compact object binaries ejected from our GC models and evolved forward in time to the present day using the method described in Section II. All colors here are as in Figure 1 .
Comparison of Figures 4 and 1 shows that ejected BH-BH binaries exhibit a much larger range in M c relative to the retained BH-BH binaries. This is consistent with our understanding of the evolution of BH binaries in GCs. Upon formation, the most massive BHs will rapidly sink to their host cluster's central region, where they undergo frequent dynamical encounters leading to binary formation, hardening, and, ultimately, ejection from the cluster. After the most massive BHs are ejected, the next most massive BHs will sink to the center, and ultimately get ejected themselves. In this manner, the average mass of BHs in a cluster is expected to decrease with the cluster's age, so that only lower mass BHs remain at late times. This explains the relatively small range in M c for the retained BH-BH binaries shown in Figure 1 . But the population of ejected binaries which have not yet merged by the present day, and are therefore potential LISA sources, will include the massive BH binaries ejected in the first few Myr of the evolution of their host clusters. If these massive BH-BH binaries are ejected with sufficiently high orbital separations, they will not inspiral by the present-day and will contribute to the relatively wide range in M c we see for the BH-BH binaries in Figure 4 . Table II, which is analogous to Table I , shows the predicted numbers of compact object binaries of each type which have been ejected by the MW GC system. Unlike systems retained within their host clusters, we predict that ejected systems will contribute only a few MW sources resolvable with S/N ≥ 2 and it is unlikely any of these systems will be detected in Andromeda or the Virgo cluster.
It is not surprising that the numbers predicted for retained systems is larger than for ejected systems. Once a binary is ejected, GR is the only mechanism to drive the system to higher frequencies. But for systems retained within their host clusters, frequent dynamical encounters (particularly for the BH binaries which are most likely to be found in the dense cluster core, where dynamical encounters are most frequent) will frequently alter the Figure 1 , but for all compact object binaries ejected from GCs, evolved forward in time to the present day as described in Section II.
populations of these systems, creating new systems over time and providing a mechanism to harden these binaries in addition to hardening caused by GR.
